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(54) Use of structured depth filters for virus removal 

(57) A method of reducing the titer of viruses in a 
solution of biologically active proteins without adversely 
affecting the activity of the protein, the method compris- 
ing the step of passing the solution at a pH ranging from 
about 5.0 to about 7.0 through a structured depth filter 
comprising a positively charged porous filter element, 
the average pore diameter of the filter element being 
larger than the average diameter of the viruses and the 
filtration being done under conditions resulting in a sub- 
stantial reduction in virus titer in the filtered solution 
while retaining biological activity of the proteins. 
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Description 

BACKGROUND OF THE INVENTION 

s Field This invention generally relates to removing viruses from solutions and specifically is concerned with the use 
of structured depth filters for reducing the virus titer of solutions containing biologically active proteins. 

Background Various porous filter media are used for the filtration of fine particle size contaminants from liquids. To 
function as a filter, the media must allow the fluid, commonly water, through while holding back the particulate contam- 
inant. This holding back of the particulate contaminant is accomplished by virtue of the operation, within the porous 

w media, of one or both of two distinctly different filtration mechanisms, namely (1) mechanical straining and (2) electrok- 
inetic particle capture. In mechanical straining, a particle is removed from the fluid stream by physical retention when it 
attempts to pass through a pore smaller than itself. In the case of the etectrokinetic capture mechanism, the particle 
collides with a surface within the porous material and is retained on the surface by the attractive short range van der 
Waal's type forces. 

is Filter media are often described according to their physical form. Some filter media are essentially discrete mem- 
branes which function by retaining contaminants upon the surface of the membrane (surface filters). Thus, these filter 
media primarily operate via mechanical straining, and it is necessary that the pore size of the filter medium be smaller 
than the particle size of the contaminants that are to be removed from the fluid. Such a fitter medium normally exhibits 
low flow rates and a tendency to clog rapidly. 

20 Other filter media take the form of a porous cake or bed of fine fibrous or particuiaie material deposited on a porous 
support or substrate. The solution being filtered must then wend its way through a tortuous path of pores formed in the 
interstices of the fine material, leaving colloidal contaminants to be retained by the filter material. Because of the deep- 
ness of the filter material, the filters are called depth filters (as opposed to surface filters). Depth filters typically retain 
contaminants by both the serving mechanism and the electrokinetic particle capture mechanism. In the electrokinetic 

25 particle capture mode, it is unnecessary that the filter medium have such a small pore size. The ability to achieve the 
required removal of suspended particulate contaminants with a filter medium of significantly larger pore size is attractive 
inasmuch as it allows higher flow rates. Furthermore, the filters have a higher capacity to retain particulates, thus having 
a reduced tendency to clog. See Curling (1980) and Meltzer (1987) (both incorporated herein by reference) for a gen- 
eral discussion of filtration, especially as applied to the pharmaceutical industry. 

30 Methods of virus inactivation Many biologically active proteins are used to treat disease conditions in humans. 
However, due to the sources of the protein (e.g. human plasma or cell expression systems), there is a possibility of viral 
contamination in the products. It is therefore typical in the manufacture of the protein containing products to incorporate 
viral reduction or inactivation steps to yield safer products that decrease the risk of viral infection. Reduction in virus tit- 
ers can be accomplished through either inactivation or removal of the virus. 

35 Methods of inactivation of viruses by treatment with chemicals and/or heat are common in the art. U.S. Pat. No. 
4,540,573 to Neurath et al., for example, describes treating protein-containing compositions with trial triphosphate and 
detergent to inactivate viruses. U.S. Pat. No. 5,151,499 to Kameyama et al. adds a dry heat step to the trialkylphos- 
phate/detergent process to yield a greater reduction in virus titer. Virus titers may be reduced by virtue of the method 
used to purify the protein. The Cohn-Oncley process used to purify IgG fractions from blood plasma has been found to 

40 yield proteins with reduced viral titers. See, for example, U.S. Pat. No. 4,762,714 to Mitra et al. See also Friedman et al. 
(1995) for a brief general discussion of reducing the infectivity of blood components. 

Several manufacturers have developed products which remove virus from solution via the sieving action of passing 
the solution through membrane filters with pore sizes smaller than the virus particles. These methods are described in 
Yuasa et al. (1991), Nader (1994), and DiLeo et al. (1992). The viruses (and their average diameters) which were 

45 reported in these references were: hepatitis C virus (30-38 nm), bacteriophage fr (~23 nm), (|>X174 (~28 nm), and 4>6 
bacteriophage (~78 nm). 

Depth filters are typically used as prefihters to prolong the useful life of the final filter, typically a surface (or mem- 
brane) filter. However, depth filters are also known to be useful for retention of viruses, even where the nominal pore 
size is larger than the average diameter of the virus. McConnell et al. (1984) show a viral clearance of 4 log 10 units from 
so water using slow rate sand filtration, a method which uses a "nonstructured" depth filter. See Meltzer (1987), p. 8. 

Such high virus clearance has not been reported with "structured" depth filters. Structured depth filters, available 
preformed into definite sizes and shapes, are prepared by a variety of technologies. Their manufacture comprises the 
fixed positioning of individual fibers, or bits and pieces of ceramic, metal, or polymer into a shape. This may involve mat- 
ting, felting, weaving, gluing, heat or solvent sintering, etc. The organic union of fibers or particles that results is the filter 
55 element. The interstices among the joined component particles comprise the filter pores. The filtrative action occa- 
sioned by these pores involves sieving as well as retention by adsorption. 

An example of a structured medium depth filter is given in U.S. Pat. No. 4,859,340 to Hou et al., which describes a 
filter media sheet comprising fine particulate and a self binding matrix of cellulose fiber, either or both of which ar 
coated with a cationic resin. Related patents are U.S. Pat. Nos. 4,007, 1 1 3 and 4,007, 1 1 4. All three of these patents are 
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incorporated herein by reference. 

Jones et al. (1978) describe the use of positively charged depth filters to retain and concentrate poliovirus from 
water. Payment et al. (1 988) describe the use of fib rglass depth filters t recov r viruses from water. Both Jones et al. 
and Payment et al. show greater than 99% adsorption of virus to the filter. 

5 The surface charge of depth filter media has been shown to play a role in the adsorption and elution of viruses. See 
Borrego et al. (1991); Sobsey et al. (1984); Jones et al. (1978). For a general discussion of charge modified depth fil- 
ters, see Mandaro (in Mertzer, 1987, chapter 5). The purpose of these virus recovery assays was generally to recover 
and concentrate virus from large volumes of solution to improve the sensitivity of virus detection in later assays. The 
methods were thus generally applied to assaying for the presence or quantity of viral contamination in water treatment. 

10 Goyal et al. (1980) have applied the method to recovery of virus from allantoic fluids. 

Breitenbach et al. (1 995) describe a novel filter material which inactivates viruses and report viral inactivation rates 
exceeding 5 log^ units. These new filters comprise two different layers of filter material. One layer releases a viricide 
chemical, in this case iodide, and the other layer removes the viricide as the solution passes through this second filter 
layer. Although the viral inactivation is substantial, the oxidative character of the viricide may adversely affect the bio- 

is logical activity of the material passing through this filter. 

As noted above, depth filters are currently used in the pharmaceutical industry as prefilters. In other applications 
they are typically used either as prefilters or as final filters to remove particulate matter from solutions, a process called 
clarification. Some virus removal is inherent in precipitation steps in the protein purification process; the solutions then 
may be clarified of residual precipitate via the use of depth filters. However, to our knowledge the use of positively 

20 charged, structured depih filters having pore sizes greater than virus sizes to produce Substantia! reductions in the virus 
titer of solutions apart from a precipitation step has not been reported. 

SUMMARY OF THE INVENTION 

25 We have now discovered conditions under which use of a structured depth filter for filtration of a solution of biolog- 
ically active proteins results in a decrease of surprising magnitude in the virus titer. The solution to be filtered should 
have a pH ranging from about 4.5 to about 8.0, more preferably from about 5.0 to about 7.0, and the filtration should be 
performed using a cationically charged depth filter which has an average pore diameter greater than the average diam- 
eter of the viruses removed. The virus titer in the filtrate is reduced by at least about 3 log 10 units or, more preferably, 

30 at least about 4 log 10 units. The biological activity of the protein is substantially retained: preferably the filtration results 
in a retention of at least about 80% and more preferably at least about 90% of the original (pre-filtration) activity. The 
preferred average pore diameter of the filter may range from about 0.1 ^im to about 5 urn, with a more preferred range 
being from about 0.25 jim to about 2 fim A preferred filter is made from a filter aid such as diatomite and a self binding 
matrix of cellulose fiber, either or both of which are coated with a cationic resin; a more preferred filter is a ZETA PLUS 

35 brand filter marketed commercially by Cuno (Meriden, CT). 

SPECIFIC EMBODIMENTS 

This report presents data that evaluate the removal of the several model viruses including Bovine viral diarrhea 
40 virus (BVDV), chosen to model for Hepatitis C virus; Pseudorabies virus (PRV), chosen to model for Hepatitis B and the 
Herpes viruses; and Reo virus type 3 (Reo), chosen to model non-enveloped viruses and for its resistance to physical 
and chemical inactivation methods. 

The data presented show that the depth filters of the examples were capable of reducing virus titers of both envel- 
oped and non -enveloped viruses. Thus, this study provides additional assurance that the solutions treated provide a 
45 high margin of safety from the risk of viral transmission. 

As used herein, average pore diameter means the size of pore corresponding to the rejection by seiving action of 
at least about 90% of the particles of that size by the filter. 

As used herein, the average diameter of virus means the generally accepted value for the diameter of the virus as 
reported in the relevant scientific literature. 
so As used herein, substantial reduction in virus titer means at least about a 3 log 10 unit reduction in virus titer. 

As used herein, biologically active protein means a protein which demonstrates a measurable function or activity 
or is useful for an intended result (especially as opposed to the same protein in a denatured or useless state). The func- 
tion, activity, or intended result could be, e.g., an enzymatic activity or a binding affinity. 

As used herein, retaining biological activity means retaining at least about 80% or more preferably at least about 
55 90% of the biological activity. 

Materials and Methods 

Effluent III was obtained from pools of human plasma fractionated using the Cohn-Oncley cold ethanol process 
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with modification according to U.S. Pat. No. 4,396,608 to Tenold (incorporated herein by reference). The Conn fraction- 
ation process has been generally considered to yield safe immunoglobulin products with respect to potential virus trans- 
mission. Each individual unit of plasma used was tested and found nonreactive for hepatitis B surface antigen (HBsAg) 
and negative for antibodies to Human Immunodeficiency Virus types 1 and 2 (HIV-1, HIV-2), and hepatitis C virus 

5 (HCV). Alanine transaminase (ALT), a marker for liver function and by inference damage caused by the hepatitis 
viruses, did not exceed twice the normal range. Thus, the source material, plasma, was selected and tested to confirm 
the absence of clinically significant viruses from the Effluent III. 

The viruses chosen for this study and their attributes are summarized in Table 1 . Bovine viral diarrhea virus (BVDV), 
an enveloped RNA virus, was selected as the relevant model for Hepatitis C virus. Pseudorabies virus (PRV), an envel- 

10 oped DNA virus, was chosen as the mode! for the clinically relevant Herpes viruses: CMV, Epstein-Barr virus and Her- 
pes simplex types 1, 2. 6 and 7. In addition, the non- enveloped RNA virus, Reovirus type 3 (Reo), was chosen as a 
model virus with resistance to physico-chemical reagents. 



Table 1 



Model Viruses Used 


Attribute 


Virus 




BVDV 


Pseudorabies 


Reovirus type 3 


Strain 


NADL (ATCC VR-534) 


P RV dl tk (ATCC VR-2074) 

or PRV Backer 
(DuPont/Merck) Wilming- 
ton, DE 


Abney (ATCC VR-232) 


Nucleic acid 


RNA 


DNA 


RNA 


Enveloped 


Yes 


Yes 


No 


Size 


80-100 nm 


120-220 nm 


60-80 nm 


Resistance to Physico- 
chemical agents 


Medium 


Medium 


High 


Assay Systems 


BT cells (ATCC CRL 1390) 


RAB-9 (ATCC CRL 1414) 


BSC-1 cells (ATCC CCL 
26) 



35 

A minimum of two independent runs was conducted for each virus. Viruses were titered in each sample at time 0 
to determine the virus load. A solution of 1 50 mL and 500 mL of Effluent III spiked with model virus was passed through 
a ZETA PLUS ZP04701-50CP depth filter (Cuno, Inc., Meriden, CT). One additional filtration was performed spiking 
40 with Reo which used 650 mL to maximize the volume to surface area for the filtration. The Effluent III was spiked at 1 
part virus plus 19 parts of the starting material for the 150 mL experiments and for the additional 650 mL Reo experi- 
ment (to increase the Reo virus load and thus provide a test of the robustness of the filtration) and 1 part virus plus 99 
parts of the starting material for the 500 mL experiments to conserve virus. 

Virus Quantitation Assays Standard cell culture conditions were used for virus infectivity assays with RPMI 1640 or 
45 Eagle minimal essential medium (MEM) supplemented with non-essential amino acids, HEPES buffer (N-[2-Hydroxye- 
thyl]piperazine-N'[2-ethane sulfonic acid]), fetal bovine serum and antibiotics. The RPM1 1640 medium was used for the 
MT-4 cells only. Virus titers were quantitated by tissue culture infectious dose assays at 50% infectivity (TCID50). TCIDgo 
titers were calculated by the method of Spearman-Karber. See Cavalli-Sforza (1 974), p. 1 71 -1 73. 

Ninety-six well micro titer plates were used with the appropriate confluent cells (BVDV in Bovine Turbinate (BT) 
so cells, PRV in Rab-9 cells, Reo in BSC-1 or Vero Cells). The Becker strain of PRV was used for studies where a higher 
titer was needed. The virus-spiked process inoculum was 0.1 mL per well. Log 10 or half-log 10 dilutions were made in 
HBSS from 10" 0 5 or 10" 1 through 10" 6 , 4 replicate wells per dilution for one of the fractionation runs. For the second run, 
an additional 8 replicate wells per dilution were used for a total of 12 wells. This was performed to confirm the sensitivity 
of the assays using 4 replicate wells per dilution. Three experiments were performed for the f iltrations with BVDV and 
55 PRV. Four experiments were performed spiking with Reo. HaH-log dilutions were made in HBSS from 10' 0 - 5 to 10' 7 5 
with 12 replicate wells per dilution. 

The test material was allowed to contact the celts for 1 hour at 37°C to allow for virus adsorption. The material was 
removed and fresh MEM added to the wells. MEM was used for PRV and Reo. For BVDV, the MEM was supplemented 
with equine serum rather than fetal bovine serum. The plates wer incubated for 5 to 7 days at 36 ± 2°C. After incuba- 
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tion, cell monolayers were observed microscopically for the presence of viral infection as indicated by cytopathic effect 
(CPE). After 5 to 7 days, CPE induced by BVDV and PRV could easily be discerned by microscopic examination. How- 
ever, if determination of CPE was difficult due to cell overgrowth, Reo infected cells were stained to enhance visualiza- 
tion of CPE. The cells were fixed for 10 minutes with cold 95% ethanol (EtOH), then the EtOH removed and cells stained 
5 with May-Grunwald-Giemsa or Crystal Violet stain. After staining and washing with distilled water, the cells were exam- 
ined microscopically. Uninfected cells appeared as dark blue monolayers while foci of virus infected cells appeared as 
very lightly stained areas. 

Tests for cytotoxicity an d viral interference 

For those fractionation product samples expected to contain low levels of virus, undiluted samples without virus 
were applied to each of the indicator cell lines to assess the matrix effect (ethanol, process buffers and proteins, etc.) 
on the cells. 

Effluent III was inoculated onto BT and Vero cells undiluted and at 1:10 in HBSS. Filtrate III was inoculated onto 
Rab 9 and BSC-1 cells undiluted at 1 :3.2 in HBSS. HBSS was used as the control. An additional control included HBSS 
containing 17% ethanol to assess effects of ethanol concentration on cells. After the 1 hour exposure to the material, 
the effluent was removed and ceils were fed with fresh MEM. Cells were examined after 7 days for cytotoxicity. 

Viral interference assays were conducted by diluting virus stocks in HBSS as the control and in Effluent HI diluted 
1:10 in HBSS. The two viruses used for these experiments were BVDV and Reo. Log 10 dilutions were made and cells 
were inoculated with 0.1 ml_, for 1 hour adsorption time. Tne maieriai was removed and media was added. At 7 days 
post infection, cells were examined microscopically for viral CPE. 

Viral interference assays for Filtrate III were conducted by diluting virus stocks in HBSS as the control and in Filtrate 
III diluted 1 :3.2 in HBSS. Ha If- log 10 dilutions were made and cells were inoculated and incubated as described above. 
The viruses used were PRV and Reo. 

The effectiveness of the process steps to clear the relevant model viruses was determined by comparing the virus 
load in the input to that of the output to calculate the reduction factor. The majority of the 95% confidence intervals for 
virus titrations using log 10 dilutions were approximately 1 log 10 . When half-log dilutions were used, the 95% confidence 
intervals for the virus titrations were approximately 0.3 - 0.4 log 10 . 

The invention is demonstrated further by the following illustrative examples. 

EXAMPLE 1 

Filtration of Effluent III to Filtrate III 

36 Results of virus clearance experiments with the three model viruses are indicated in Table 2. For a given experi- 
ment, the virus in Minimal Essential Medium (MEM) was added to the given volume of Effluent III (as described above). 
For example, to 504 ml_ of Effluent III, 5 g of Reovirus in MEM was added. The pH of the protein containing Effluent III 
plus virus was adjusted to 5.4 and chilled to -5° C. Filter Aid was added to a final concentration of 0.6%. A 1 0 mL sample 
was removed for initial virus titration. The remaining solution was filtered through a CUNO ZETA PLUS® 2P04701 - 50 

40 CP filter at a pressure of 1 0 psi. The resulting filtrate was collected and samples were titer ed for detection of virus. After 
completion of filtration, the filter was removed and placed in 50 mL of balanced salt solution and shaken for 1 5 minutes. 
(Filters from smaller volume experiments were shaken in correspondingly smaller volumes of balanced salt solution.) A 
sample of this was titered for detection of virus retained by the filter. 

The results in Table 2 are expressed as the log 10 TCID^mL in each sample. The average log 10 reduction factor 

45 was calculated by multiplying the log 10 TCID^mL by the volume of the Effluent II I to determine the total virus input load 
for each of the viruses [(vol) (log 10 TCIDso/mL)] and then dividing by the total virus remaining in the Filtrate III [(vol) 
(log 10 TCID 50 /mL)]. The average log 10 reduction factor was £ 1 for BVDV, ^3.8 for PRV, and *4.5 for Reo. Results 
reported as £ indicates complete clearance of the input load of virus was achieved. Higher clearance or inactivation fac- 
tors could be achieved if it were possible to obtain higher titers of virus for the input spike. 

50 
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Table 2 



Depth Filtration of Effluent III to Filtrate III Virus in Fractionation Samples (Log 10 TCIDso/mL) 




BVDV 


PRV 


Reovirus 




A a 


B 


C b 


A 


B 


C 


A 


B 


C 


D c 


HBSS 


4.4 


5.8 


5.3 


5.8 


5.8 


5.3 


6.5 


6.7 


6.3 


7.0 


Effluent III 


7.0 d 


7.7 


7.7 


5.4 


5.3 


4.7 


5.3 


5.8 


5.6 


6.6 


Filtrate 


5.6 


6.9 


7.3 


<S1.3 


£1.3 


£1.3 


£1.3 


£1.3 


£1.3 


£1.3 


Filter pad Retentate 9 


7.1 


7.7 


7.6 


6.8 


6.9 


6.1 


7.1 


7.2 


6.4 


7.4 


Log 10 Reduction 


1.4 


0.8 


0.4 


£4.1 


£4.0 


£3.4 


£4.0 


£4.5 


£4.3 


£5.3 


Average Log 10 Reduction 


0.9 


£3.8 


£4.5 



a A and B = Two replicate experiments - 150 mL filtration volume 

b C = 500 mL filtration volume 

c D = For Reo 650 mL filtration volume 

H Tola I vb us (Tota! \qq-\q TC1D50) liScd for 3VDV because viPuG was found in a!! samplec cf Filtrate !!! 
6 Filter pads were suspended in 12-18 mL of HBSS, then a sample removed for filtration 



It is thought that the BVDV was not retained by the depth filter because this virus may have a much lower charge 
density ratio than the other viruses used. The presence of proteins other than IgG which were removed from the Efflu- 
ent III by the depth filter may have competed with this virus such that the virus was not retained. In other experiments 
where the contaminating proteins were not present and only IgG was present in the protein solution, the BVDV was 
retained by the depth filter. 

EXAMPLE 2 

Virus clearance experiments were performed as described in Example 1 on three more viruses: hepatitis A virus, 
bovine parvovirus, and porcine parvovirus. Results are presented in Table 3. Clearance rates were £4.0 log 10 units for 
hepatitis A virus, £2.7 log 10 units for bovine parvovirus, and £4.7 log 10 units for porcine parvovirus. It is thought with 
further refinement of conditions that the virus clearance for bovine parvovirus would be £3.0 log 10 units as well. 



Table 3 



Depth Filtration of Effluent III to Filtrate III Virus in Fractionation Samples (Log 10 TCIDso/mL) 




Hepatitis A Virus 


Bovine Parvovirus 


Porcine Parvovirus 




A a 


B b 


C a 


D a 


A a 


B a 


C b 


A c 


B a 


HBSS 


6.1 


4.8 


6.7 


5.6 


5.0 


5.0 


5.2 


6.2 


6.5 


Effluent III 


5.6 


4.0 


6.2 


5.5 


4.0 


3.8 


4.3 


5.8 


6.1 


Filtrate III 


£1.3 


£1.3 


1.6 


£1.3 


£1.3 


£1.3 


£1.3 


£1.3 


£1.3 


Filter pad Retentate 


6.1 


5.2 


6.8 


6.2 


4.2 


4.5 


5.1 


7.1 


6.3 


Log 10 Reduction 


£4.3 


£2.7 


4.6 


£4.2 


£2.7 


£2.5 


£3.0 


£4.5 


£4.8 


Average Log 10 Reduction 


£4.0 


£2.7 


£4.7 



a 150 mL filtration volume 
b 500 mL filtration volume 
c 600 mL filtration volume 



Based on our exp rience in monitoring the activity of commercially produced immune globulins, the above 
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described conditions would not be expected to adversely affect the biological activity of the proteins and ther would be 
a substantia] retention of the original biological activity of the protein. 

The above examples are intended to illustrate the invention and it is thought variations will occur to those skilled in 
the art. Accordingly, it is intended that the scope of the invention should be limited only by the claims below. 

5 
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Claims 

1 . A method of reducing the titer of viruses in an aqueous solution of biologically active proteins without adversely 
affecting the activity of the protein, the method comprising the step of passing the solution at a pH ranging from 
45 about 5.0 to about 7.0 through a structured depth filter comprising a positively charged porous filter element, the 
average pore diameter of the filter element being larger than the average diameter of the viruses and the filtration 
being done under conditions resulting in a substantial reduction in virus titer in the filtered solution while retaining 
biological activity of the proteins. 

so 2. The method of claim 1 wherein the average pore diameter of the filter element is within the range of about 0.25 jim 
to about 2 \im. 

3. The method of 2 wherein the filtration results in a retention of at least about 80% of the biological activity of the pro- 
teins. 

55 

4. The method of claim 3 wherein the filtration results in a virus titer reduction of at least about 3 log 10 units. 

5. The method of claim 4 wherein the filter element comprises a filter aid and a self binding matrix of cellulose fiber, 
at least one of which are coated with a cationic resin. 
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